Introduction {#s1}
============

Bioresorbable vascular scaffold (BRS) is an innovative technique allowing to maintain endothelial dysfunction and avoid creation of a permanent stent cage vessel segment without inflammation over the course of the patient's life \[[@R01]\]. In addition, bioresorbable vascular scaffolds provide adequate mechanical support required to prevent vessel recoil till 12 months, release the anti-proliferative drug for prevention of restenosis, and leaving nothing behind over the long-term \[[@R02], [@R03]\]. Sirolimus is a lipophilic macrocyclic lactone with a potent immunosuppressive activity. It prolongs allogeneic transplant survival in humans and animal models \[[@R04], [@R05]\]. The reduction of hyperplastic vascular smooth muscle cell growth and inflammatory inhibition within the neointima of the treated coronary artery are achieved by local release of therapeutic levels of sirolimus drug \[[@R06]\].

The newly designed MeRes100 (Meril Life Sciences Pvt. Ltd., Vapi, India) sirolimus-eluting BRS is composed of biocompatible and biodegradable polymer poly-L-lactic acid (PLLA). The MeRes100 BRS was developed to reduce in-stent restenosis and late stent thrombosis in coronary artery lesions. These adversities substantially reduce the performance of bare-metal stents and drug-eluting stents (DES). Furthermore, the life-long presence of the metallic prosthesis prevents restoration of vasomotion, restricts quality lesion imaging and interferes with repeat surgical or percutaneous treatment \[[@R07]-[@R9]\]. Drug release kinetics of sirolimus plays an important role in establishing safety and efficacy of the BRS. In order to prevent in-stent restenosis and stent thrombosis, a locally effective drug concentration is required which can prevent cell proliferation in the neointima of the coronary artery. On the other hand, low levels of systemic sirolimus concentrations are desirable to avoid complications related to the immunosuppressive property of the drug.

The pharmacokinetics (PK) of sirolimus released from DES has been studied earlier \[[@R10], [@R11]\]. However, there is a paucity of data which explains PK of sirolimus releasing from BRS after implantation. Previously, we have demonstrated clinical outcomes and vascular responses by multiple imaging assessments of MeRes100 at 1-year follow-up \[[@R12]\]. This is the first report describing the drug release kinetics of sirolimus from the MeRes100 BRS in patients with *de novo* coronary artery lesion.

Materials and Methods {#s2}
=====================

Study design {#s2a}
------------

This study was a prospective, single-arm, open-label pilot study conducted at two Indian sites in which patients received either one or two MeRes100 BRS. Out of the 10 patients enrolled in the study, eight patients were implanted with single BRS and the rest two patients were implanted with two BRS. A total of 12 MeRes100 BRS loaded with 1.25 µg/mm^2^ sirolimus were used in patients with *de novo* coronary artery lesion.

The present study was performed in compliance with ICH-GCP guidelines, the Declaration of Helsinki, ISO 14155 and all other local regulatory requirements. This study was conducted with the approval of local ethics committee. Informed written consent was obtained from all study participants. The MeRes-1 trial was registered at the Clinical Trials Registry, India. CTRI number: CTRI/2015/04/005706.

Inclusion criteria {#s2b}
------------------

All included patients were aged between 18 to 65 years. Major inclusion criteria included stable, unstable or silent ischemic heart disease, the patient who presented had stenosis of \> 50% and \< 100% with a thrombolysis in myocardial infarction (TIMI) flow grade of ≥ 1 was eligible for the trial. Patients with up to two *de novo* coronary lesions (maximum one per target vessel) with a reference vessel diameter of 2.75 - 3.50 mm and lesion length ≤ 20 mm were included.

Exclusion criteria {#s2c}
------------------

Any patient with a known allergy to PLLA and/or poly (D, L-lactide) (PDLLA), sirolimus, and aspirin with P2Y12 inhibitors were excluded from the study. Other exclusion criteria were diagnosis of acute myocardial infarction within preceding 7 days of the procedure, history of previous revascularization with coronary artery bypass graft (CABG) or percutaneous coronary intervention, presence of vascular aneurysms, cardiac arrhythmias, left ventricular ejection fraction (LVEF) \< 30%, and cardiac tamponade. Pregnant women and breastfeeding mothers, women who were planning to conceive within 1 year of BRS implantations, or the patients awaiting any form of organ transplantation were excluded from the study. The main angiographic exclusion criteria were: lesion located in left main coronary artery or aorto-ostial location (within 3 mm); lesion that involves a bifurcation with a side branch ≥ 2 mm in diameter and ostial lesion \> 40% stenosis; total occlusion TIMI flow 0); evidence of severe tortuosity and angulation of target vessel.

Study device {#s2d}
------------

MeRes100 is a balloon-expandable BRS with a polymeric backbone made up of biodegradable PLLA. The PLLA backbone carries a thin coating of 1:1 formulation of PDLLA polymer and anti-proliferative drug sirolimus. The PDLLA controls release of the drug and forms an amorphous reservoir for sirolimus with a concentration of 1.25 µg/mm^2^. Both PLLA and PDLLA are biodegradable polymers which undergo hydrolytic degradation in the body resulting in mass loss and bulk erosion. The hydrolysis of the ester bonds in the polymers generates lactic acid which enters into Kreb's cycle and converted to CO~2~ and H~2~O which is eliminated out of the body. This allows for complete disappearance of the scaffold from the treatment site within 36 months of implantation. MeRes100 BRS is a thin strut (100 µm) BRS which is easily deployable since it has three radiopaque markers at each end which allow convenient viewing of the scaffold in two orthogonal views during its deployment. In present study, MeRes100 BRS with diameters of 2.75, 3.00, and 3.50 mm, and lengths of 19 and 24 mm were implanted.

Study procedure {#s2e}
---------------

The target lesions were treated according to standard guideline for percutaneous transluminal coronary angioplasty procedure \[[@R13]\]. Pre-dilatation was maintained up to its nominal pressure while post-dilatation was carried out at ≥ 18 atm pressure with non-compliant balloon (not exceeding 0.5 mm nominal diameter of implanted stent) to achieve residual diameter stenosis of ≤ 10%. Loading dose of aspirin and clopidogrel were given prior to the index procedure. Dual antiplatelet therapy with aspirin (75 - 150 mg/day) and clopidogrel (75 mg/day) or prasugrel (10 mg/day) or ticagrelor (90 mg/day) was maintained for minimum duration of 1 year. Further administration of aspirin alone was left to the operator's discretion.

Blood sampling {#s2f}
--------------

A total of 13 blood samples (each 6 mL) from each patient were collected including pre-dose before (-10 min) and after scaffold implantation of 10 min (± 2min), 30 min (± 2min), 1 h (± 5min), 3 h (± 5min), 6 h (± 5min), 12 h (± 10min), 24 h (± 10min), 7 days (± 1 day), 14 days (± 1 day), 30 days (± 2 days), 60 days (± 2 days) and 90 days (± 2 days). All the blood samples were anticoagulated with potassium EDTA and stored at -78 ± 8 °C until analysis. Venous blood samples were analyzed at Veeda Clinical Research Pvt. Ltd., Ahmedabad, India.

Laboratory analysis {#s2g}
-------------------

Whole blood concentration of sirolimus was analyzed using ultra-performance liquid chromatography-electrospray ionization tandem mass spectrometry method with lower limit of quantification (LLOQ) of 0.1 ng/mL and upper limit of quantification (ULOQ) of 50 ng/mL.

Statistical analysis {#s2h}
--------------------

The PK analysis of sirolimus was performed using non-compartmental model by using WinNonlin^®^ Enterprise Software Version 5.3 (Pharsight Corporation, USA). The analysed PK parameters were peak concentration (C~max~, ng/mL), time to reach C~max~ (T~max~), area under curve \[[@R14]\], half-life (t~1/2~), clearance (CL) and elimination rate constant (k~el~). Data were expressed as mean ± standard deviation (SD).

Results {#s3}
=======

Baseline demographics characteristics {#s3a}
-------------------------------------

Ten patients were included in the study and follow-up was obtained from all patients. The mean age of the patients was 49.07 ± 8.95 years and seven (70%) patients were male. A total of 12 BRS were deployed in the study patients where seven patients received single BRS and out of three patients having double-vessel disease with two patients received two BRS and one patient deployed with single BRS. Baseline characteristics for risk factors shows that two (20%) patients were smokers; four (40%) had diabetes; three (30%) had hypertension; and three (30%) had a history of myocardial infarction ([Table 1](#T1){ref-type="table"}). The mean LVEF for the patients was 59.5±3.02%.

###### Baseline Demographics and Clinical Presentation

  --------------------------------------- -----------------
  Patient characteristic                  N = 10 Subjects
  Age (mean ± SD) , years                 49.07 ± 8.95
  Gender, n (%)                           
    Male                                  7 (70%)
    Female                                3 (30%)
  BMI (mean ± SD)                         25.05 ± 3.91
  Smokers, n (%)                          2 (20%)
  Diabetes mellitus, n (%)                4 (40%)
  Hypertension, n (%)                     3 (30%)
  Other illness, n (%)                    1 (10%)
  Previous myocardial infarction, n (%)   3 (30%)
  Clinical presentation, n (%)            
    Stable angina                         5 (50%)
    Unstable angina                       5 (50%)
  LVEF, (mean ± SD)                       59.5 ± 3.02
  Diseased vessel, n (%)                  
    Single vessel                         7 (70%)
    Double vessel                         3 (30%)
  Total number of lesions                 13
  Total number of treatable lesions       12
  Lesion per patient                      1.2
  --------------------------------------- -----------------

LVEF: left ventricular ejection fraction.

Dose range {#s3b}
----------

The patients were implanted with MeRes100 BRS of variable length and diameter. The total loading sirolimus dose was calculated based on the drug coating of sirolimus (1.25 µg /mm^2^). All patients received loading dose of sirolimus ranged from 238 µg to 467 µg. Detailed specifications of MeRes100 BRS are outlined in [Table 2](#T2){ref-type="table"}.

###### Corresponding Loading Dose of Sirolimus Received by Each Patient

  Size of MeRes100 BRS (diameter × length, mm)   Loading dose ±10% (µg)   Subject ID
  ---------------------------------------------- ------------------------ --------------
  3.5 × 19                                       247                      1, 2
  3.0 × 24                                       238                      3, 7, 18, 20
  3.0 × 24, 2.75 × 24                            238, 229 (467)           5^†^
  3.0 × 19, 2.75 × 19                            189, 184 (373)           22^†^
  3.5 × 24                                       306                      19, 21

^†^Subject ID 5 and 22 were received two BRS.

Pharmacokinetic results {#s3c}
-----------------------

The PK parameter outcomes for individual patients received one or two stents and for the entire patient population are summarized in [Table 3](#T3){ref-type="table"}. A total of 10 patients were enrolled in the study and individual C~max~ ranged from 3.88 ng/mL to 10.71 ng/mL was achieved between 0.5 - 3.0 h. The mean peak blood sirolimus concentration of patients receiving two BRS was higher than the patients receiving single BRS (9.72 ± 1.41 vs. 6.91 ± 2.58 ng/mL). Also, all the AUC parameters which represent the systemic exposure of sirolimus were higher in two BRS implanted patients than single BRS deployed patients. In addition, the parameters representing the release of sirolimus from the scaffold-like T~max~ (1.75 ± 1.77 vs. 1.44 ± 0.98 h), t~1/2~ (99.96 ± 5.83 vs. 98.25 ± 38.00 h), CL (0.67 ± 0.18 vs. 0.63 ± 0.06 L/h) were almost similar for patients receiving two BRS and single BRS respectively.

###### Individual and Mean Pharmacokinetic Parameters of Sirolimus

  ID no.         No. of stents   T~max~ (h)   C~max~ (ng/mL)   t~1/2~ (h)   AUC~0-t~ (h·ng/mL)   AUC~0-∞~ (h·ng/mL)   AUC\_%Extrap_obs (%)   K~el~ (h^-1^)   CL (L/h)   Vd (L)
  -------------- --------------- ------------ ---------------- ------------ -------------------- -------------------- ---------------------- --------------- ---------- ---------
  1              1               1.00         7.38             119.16       433.91               494.14               12.19                  0.006           0.50       85.93
  2              1               1.00         4.30             74.63        343.33               363.01               5.42                   0.009           0.68       73.26
  3              1               3.00         5.46             87.59        292.79               317.99               7.92                   0.008           0.75       94.58
  7              1               1.00         4.98             76.31        243.48               258.32               5.75                   0.009           0.92       101.44
  18             1               1.00         9.58             77.04        402.37               419.77               4.14                   0.009           0.57       63.02
  19             1               1.00         10.20            185.34       777.05               814.17               4.56                   0.004           0.38       100.50
  20             1               0.50         9.48             79.98        325.95               341.70               4.61                   0.009           0.70       80.37
  21             1               3.00         3.88             85.92        334.82               356.63               6.12                   0.008           0.86       106.35
  5              2               0.50         8.72             104.08       622.30               691.86               10.05                  0.007           0.67       101.35
  22             2               3.00         10.71            95.84        588.54               635.75               7.43                   0.007           0.59       81.12
  1 BRS                                                                                                                                                                 
    Mean                         1.438        6.906            98.247       394.214              420.717              6.339                  0.0077          0.668      88.181
    SD                           0.9797       2.5806           38.0034      165.6125             173.5344             2.6439                 0.00194         0.182      15.215
    SEM                          0.3464       0.9122           13.4367      58.5525              61.3543              0.9351                 0.0006          0.0639     5.3792
    N                            8            8                8            8                    8                    8                      8               8          8
  2 BRS                                                                                                                                                                 
    Mean                         1.750        9.715            99.959       605.419              663.805              8.740                  0.0069          0.631      91.237
    SD                           1.7678       1.4072           5.8269       23.8675              39.6725              1.8586                 0.00040         0.062      14.306
    SEM                          1.2500       0.9950           4.1200       16.8800              28.0550              1.3100                 0.0000          0.0400     10.1150
    N                            2            2                2            2                    2                    2                      2               2          2
  All patients                                                                                                                                                          
    Mean                         1.500        7.468            98.589       436.455              469.334              6.819                  0.0075          0.661      88.792
    SD                           1.0541       2.6082           33.5798      171.2486             184.6681             2.6165                 0.00175         0.1625     14.2984
    SEM                          0.3333       0.8245           10.6189      54.1536              58.3972              0.8274                 0.0006          0.0514     4.5216
    N                            10           10               10           10                   10                   10                     10              10         10

T~max~: time to reach peak concentration; C~max~: peak concentration; t~1/2~: half-life; AUC: area under the concentration time curve; k~el~: elimination rate constant; CL: clearance; Vd: volume of distribution.

The blood sirolimus concentrations declined rapidly within 2 h of BRS implantation followed by biphasic elimination. The sirolimus blood concentrations remained above LLOQ at 340 h (14.1 days) after implantation of BRS. The mean PK outcomes for all patients was estimated 7.47 ± 2.61 ng/mL for C~max~; 1.50 ±1.05 h for T~max~; 98.59 ± 33.58 h for t~1/2~; 0.66 ± 0.16 L/h for CL; 436.46 ± 171.25 h·ng/mL for AUC~0-t~; and 469.33 ± 184.67 h·ng/mL for AUC~0-∞~. Drug concentration versus time profile of 10 patients for 24 h and over 90 days after implantation of sirolimus-eluting MeRes100 BRS is represented in [Figure 1](#F1){ref-type="fig"}.

![Pharmacokinetic profiles (concentration versus time profile) of sirolimus over 90 days after implantation of sirolimus-eluting MeRes100 BRS.](cr-09-364-g001){#F1}

Discussion {#s4}
==========

The MeRes-1 trial is the first study to assess systemic exposure of sirolimus eluted from a BRS implanted to treat *de novo* native coronary artery lesions. The immunosuppressive property of sirolimus improves allograft survival and prevents graft rejection in renal, pancreatic islet cell, liver and heart transplantation \[[@R15]\]. Moreover, prophylaxis treatment with sirolimus is used to prevent graft-versus-host-disease \[[@R16]\]. Clinical trials demonstrated that systemic sirolimus prevents graft rejection at blood concentration of 8 - 17 ng/mL. In this observation, systemic sirolimus represents various side-effects, including headaches, cytopenia, polyarthralgia, stomatitis, epistaxis, diarrhea, skin disorders and dyslipidemia \[[@R05], [@R17]\]. The mean C~max~ of sirolimus eluted from MeRes100 is 7.47 ± 2.61 ng/mL and peak blood concentrations declined rapidly within 2 h after BRS implantation. This implies that MeRes100 BRS containing sirolimus as an anti-restenotic drug is safe to use and will not lead to any immunosuppression-related adverse events.

When local drug concentrations in human target tissues are required, animal model pharmacokinetics is used to predict the drug kinetics in humans. Studies have used animal models to predict vascular response in humans after implantation of DES \[[@R18]\]. Effectiveness of direct intramural delivery of sirolimus to prevent vascular remodeling after balloon angioplasty of coronary lesions was studied in rabbit iliac models. It was found that IC50 of 5.8 nM (5.3 ng/mL) is required for significant reduction of platelet derived growth factor (PDGF)-induced proliferation \[[@R19]\]. The mean peak systemic sirolimus concentrations observed in the present study was 7.47 ± 2.61 ng/mL suggesting adequate local drug concentrations. Similarly, one recently published 2-year results of the MeRes100 BRS showed a similar pharmacokinetic profile in pig models, with the peak concentration of sirolimus in blood occurred at 1 - 4 h and the mean peak systemic concentration was 7.38 ± 0.42 ng/mL after scaffold deployment \[[@R20]\].

The sufficient localized drug delivery of sirolimus from the MeRes100 BRS may help in reducing in-scaffold late lumen loss and binary restenosis \[[@R12]\]. In present study, patients received loading dose of sirolimus between 238 and 467 µg elucidating C~max~ of sirolimus between 0.5 and 3 h after scaffold implantation. This result is similar to prior PK study of Absorb™ (Abbott Vascular, Santa Clara, CA, USA) BRS with loading dose of everolimus between 181 and 443 µg which demonstrated rapid increase in systemic everolimus levels after scaffold deployment, reaching peak concentrations within 2.5 h \[[@R21]\].

In a particular clinical setting, estimation of drug clearance is an important parameter to identify its elimination outside the body. The mean clearance of sirolimus eluted from MeRes100 BRS was 0.66 ± 0.16 L/h. This value was lower than the mean clearance (2.16 L/h) reported for healthy subjects who received oral sirolimus \[[@R22]\]. However, the clearance value was comparable with other sirolimus-eluting metallic stents such as Supralimus-Core^®^ (0.83 ± 0.21 L/h) and Bx-Velocity^®^ (1.46 ± 0.45 L/h) \[[@R10], [@R11]\]. Continuous drug availability through prolonged drug release from the DES and BRS is likely to contribute to prolonged clearance time.

Previous study demonstrated that t~1/2~ of everolimus was 87.4 ± 53.0 h at dose \> 150 µg in XIENCE V implanted patients \[[@R14]\]. Similarly, for MeRes100 BRS, t~1/2~ of sirolimus was 98.59 ± 33.58 h at dose of 238 to 467 µg. The slightly higher t~1/2~ values in the present study are attributed to prolonged drug release from the PDLLA reservoir of BRS as well as partitioned into the lipid-rich arterial wall, thereby limiting systemic drug delivery. In the present study, absence of sirolimus toxicity confirms that adequate systemic exposure of the drug elicits its good tolerability and safety profile.

Few limitations of this study includes: 1) Single-arm, pilot study with a small number of patients; 2) This was a non-randomised study without comparison groups. Despite these limitations, this analysis supports the information on the PK profile and safety of sirolimus-eluting MeRes100 BRS in patients with *de novo* native coronary artery lesions.

Conclusions {#s4a}
-----------

In summary, steady drug availability via extended drug release also most likely contributes to the prolonged clearance time. The study confirms limited systemic exposure of sirolimus from the MeRes100 BRS suggesting safe and tolerable in terms of systemic toxicity.
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